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An estimation of the dynamical isolation of the tropical lower |
stratosphere using UARS wind and trace gas observations of the quasi-

biennial oscillation

M. R. Schoeberll, A. E. Roche2, J. M. Russell III3, D.

Abstract. Upper Atmosphere Research Satellite tropical wind
and constituent measurements are used to estimate an upper limit
of mid-latitude to tropical trace gas exchange by examining the
phase of the NpO/CHg4 ratio with respect to the Quasi-Biennial
Oscillation winds. Assuming a simple diffusive model for
tropical - mid-latitude exchange in the 20-28 km region, the
mixing times are estimated to be at least 18 months, and, we
estimate an eddy mixing coefficient of 7x108 cm?2/seéc. This
low mixing rate suggests that if significant chemical mixing
into the lower tropical stratosphere occurs, as has been
suggested by observational data, then this mixing must take
place below 20 km.

Introduction

An important issue for assessing the impact of a future fleet
of stratospheric aircraft is the rate of mixing of mid-latitude
stratospheric air into the tropical regions. If mid-latitude
aircraft NOy pollution can be mixed into the lower tropical
stratosphere, the polluted air could be lofted to higher altitudes
by the stratospheric extension of the tropical Hadley circulation
[Plumb, 1996]. At higher altitudes, the NO pollution will
increase ozone loss and increase the net 1mpact of aircraft
emissions on the stratosphere [NASA, 1995].

Transport of trace gases out of the tropical regions to mid-
latitudes occurs through eddy mixing and through the
stratospheric Brewer-Dobson circulation. Recent trace gas
measurement data suggest that there is fairly rapid
communication between the lower tropical stratosphere and
mid-latitudes [Prather and Avallone, 1996, Minshwaner et al.,
1996, Volk, et al., 1996]. From the altitude change of several
trace gases, these authors argued that midlatitude air is entrained
within the tropical regions between 16-21 km region within
about 13.5 months. They computed that at 21 km, about 45% of
the air was of mid-latitude origin.

At higher altitudes, between 21 and 40 km, the trace gas
gradient between mid-latitudes and the tropics is larger
suggesting a stronger barrier to tropical - mid-latitude
exchange. The strength of the trace gas gradient varies with
season, and also appears to be partially under the control of the
QBO circulation [Trepte and Hitchman, 1993; Grant et al.,
1996]. Transport out of the tropical middle and upper
stratosphere is characterized by “events” rather than a steady
mean circulation. In these events mid-latitude eddies draw
material out of the tropics. In the Waugh [1996] simulations
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filaments of mid latitude material intrude deeply into the
tropical region. These simulations suggests isotropic eddy
mixing with the transport of tropical gases into mid-latitudes
accompanied by eddy transport of mid-latitude trace gases into
the tropics.

Accompanying the mixing of midlatitude air into and out of
the tropics, there is the large scale ascent of air at a rate of 0.2
to 0.4 mm/sec [Rosenfield et al., 1989; Rosenlof 1995], and
the upward propagation of isopleths of total hydrogen (2CHy4 +
H70) [Mote et al,, 1996]. The lower tropical stratosphere
upwelling is further modulated by the secondary circulation
associated with the quasi-biennial oscillation (QBO). The
magnitude of the QBO secondary circulation can be derived from
thermal wind arguments [Plumb and Bell, 1982] and is about 0.1
mm/sec. The circulation associated with the QBO also
modulates the trace gas and aerosol gradients at the
tropical/mid-latitude boundary, concentrating the aerosol
distribution in the tropical region during the easterly shear
phase and spreading the distribution in the westerly shear phase
[Trepte and Hitchman, 1993].

The regular modulation of the tropical upwelling vertical
velocity by the QBO produces a corresponding modulation of
the trace gases distributions within the tropics [Hasebe, 1994].
As will be shown below, the phase relation between the trace
gases and the QBO wind can be a sensitive measure of exchange
between mid-latitudes and the tropics, and thus can be used to
estimate the rate of this mixing between these two regions.

The QBO circulation and tracer transport

Irrespective of the generating mechanism for the QBO, the
zonal mean secondary circulation can be diagnosed using the
thermal wind and thermodynamic equations. These zonal mean
fields are perturbations from the time mean fields denoted by <>.
At the equator, the zonal mean perturbation wind, U, associated
with the QBO can be related to the zonal mean temperature
perturbation, T, through the thermal wind equation,

U /3 = —kd*T /9y* )

where k = aR/2HS2 where R is the dry air gas constant, H is
the atmospheric scale height (~7 km), a is the earth’s radius,
is the earth’s angular rotation rate, z is log-pressure height (z =
H log(py/p) ) where p is pressure and p,, is the surface pressure,
y is the distance from the equator. If we assume, as is usually
done, that all of the QBO perturbation fields have a Gaussian,
equator centered, meridional structure with a scale L, e.g. T(y,z)
=T(z) exp(-y /L2 ), then at the equator,

U/ = 2UTL @)

The thermodynamic equation may now be used to estimate the
vertical velocity of the QBO secondary circulation. The zonal
mean QBO perturbation fields are smaller than the zonal mean,
time mean fields. Neglecting the vertical transport of heat
[Hasebe, 1994], the residual vertical velocity (w) from the
perturbation thermodynamic equation is,
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where o, is the radiative damping rate (Newtonian cooling),
@ is the potential temperature, 8 = T exp(xz/H) , where Kk = 2/7 .
Changes in the heating rate due to ozone advection (included by
Hasebe, 1994] are neglected. We now introduce the perturbation
tracé gas mass continuity equation,

) d<y>
l+w 24 =S—QuX -0 X 4

where ¥ is the zonal mean, trace gas mixing ratio
perturbation from the time mean, o, = 2K/L? where K is the
meridional eddy diffusion coefficient) and o is the chemical
relaxation rate. If a ratio of trace gases, ¥ =Y,/ Xpis used
in (4) then the perturbation field is formed after the ratio is
taken, and the chemical source term becomes

_aCAX:L\/<XA >-{—aCB)(b/<xB >.

Vertical eddy mixing and meridional advection are assumed
negligible [e.g. Holton, 1986]. The use of Fickian type
diffusion to describe the effects of meridional eddy mixing to
mid-latitudes cannot be formerly justified, but for the mixing
rate arguments we use below, Fickian diffusion is an adequate
representation.  Note that meridional mixing has been
previously neglected in the QBO trace gas analysis of Hasebe
[1994].

Now consider a zonal mean perturbation with the QBO
frequency. o, and vertical wavelength, 7. For the QBO, which
has a period of about 27 months, ¢, 6 is much greater than the
thermal inertia term. Using equations (2-4) to relate the
perturbation trace gas mixing ratio to the zonal wind,

a<y>
wa, 2 E=E2)
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where all the variables except time means are now assumed to
be proportional to exp(i(yz+0t)).
Eq. (5) shows that the phase lag

0 =tan” (), +0)/0) 6)

between the trace gas perturbation and the QBO wind field is
controlled by the chemical relaxation time constant and the
meridional mixing rate constant. If the chemical relaxation
time and meridional mixing rate are much smaller than the QBO
frequency then the trace gas perturbation will be approximately
in phase with the perturbation zonal wind. By estimating the
phase between the QBO in long lived tracers and the zonal wind,
we can thus estimate the mixing rate from extratropics within
the QBO region.

Figure 1 shows a time series of the ratio of NpO to CHy4 (V7)
measured by the Cryogenic Limb Array Spectrometer (CLAES)
aboard UARS, zonally and latitudinal averaged between 8° S and
8° N from 1992 through spring 1993. The ratio shown is the
deviation of the ratio from the time mean. The validation of the
CLAES CHy and N2O data is discussed by Roche et al. [1996];
the data should be good down to about 22 km in the tropics with
a random error of about 7%. Using the tracer ratio provides
greater sensitivity over a deeper altitude range than either tracer
alone. It turns out that the CLAES methane field is so flat across
the tropics that most of the signal and Gaussian-like meridional
variation is dominated by the N2O field. ‘

Figure 1 clearly shows the close correlation between the
Singapore zonal wind and the change in the ratio NQO/CH4 near
the zero wind line. The lifetime of CH4 and N2O at these

altitudes is long enough that chemical loss can be generally
neglected in (5) compared to the QBO frequency although recent
studies suggest a shorter lifetime (about a year) for NpO
[Minschwaner et al., 1993] near 30 km. One and two month
phase shift lines are also shown on the figure. ~Although the
short data record precludes the exact estimate of the phase
between the QBO and the change in the NpO/CHy4 ratio, the
phase lag/lead appears to be less than 1 month through most of
the period. At the upper levels (above about 28 km) the phase
shift is more difficult to estimate and appears larger.

From the phase relation (6) we compute that a one month
phase shift implies a mixing time (//0yy]) of about 18 months
assuming a 27 months QBO period. -We emphasize that this is
the upper limit for the mixing time since the phase shift could
be smaller than a month. A longer data record is required for
greater preuslon

Since we are considering the effect of mlxmg on the QBO, the
tracer mixing scale is also the QBO meridional scale, L. The
QBO scale can be determined by matchmg the QBO thermal
perturbations observed by the Microwave Limb Sounder with
the wind shear values determined by the ngh Resolution
Doppler Imager (HRDI) ([Ortland et al., 1996] in Eq. (2). We
have found that a mixing scale of 1800 km provides a
reasonable fit.  Using L = 1800 km élves 7x108 cm?/sec which
is significantly smaller than 2-4x107 cm2/sec used by most 2D
models for tropical mixing [NASA, 1993] implying more
troplcal isolation of the mid-stratosphere than is used by current
2D models. Weisenstein et al. [1996] recently adopted the
lower tropical diffusion ‘coefficient of 3x10° cm“/sec for the
AER model which they found better isolated aircraft effluent in
the northern mid- latltudes

Other evidence for tropical isolation

Supporting observations for tropical isolation comes from
the tropical water vapor data observed by the Halogen
QOccultation Expeﬁment (HALOE). The quality of the HALOE
(V17) data is discussed by Harries et al. [1996]. Figure 2 shows
a time series of tropical water vapor with the time mean removed
following Mote et-al. [1996]. Clearly evident in the data set is
the ascending water vapor anomalies associated with the
diabatic circulation. The ascent of these anomalies is modulated
by the weaker QBO secondary circulation. The water vapor
anomalies have their origin in the seasonal variation of tropical
tropopause temperatures which produces relatively dry and
moist regions as discussed by Mote et al. The fact that these
features remain fairly coherent throughout the lower tropical
stratosphere at roughly the same amplitude suggests low mixing
into the tropical stratosphere and low vertical diffusion.

The vertical transit time for the water vapor features to 35 km
is about 1.5 -2 years. Overlaid on the figure are HRDI winds.
The HRDI winds are in good agreement with the Singapore
winds. From Figure 2, the water vapor anomalies appear to be
coherent up through the QBO region (30 km) up to 35 km where
the semiannual wind oscillation begins to dominate. As an
example, a‘tongue of high water vapor begins ascending at date
93.5 and reaches 32.5 km by time 95.5. ‘The initial
perturbation value is 0.5 ppm and is reduced to 0.15 ppm in
transit. . The computed decay time for this. water vapor
perturbation is 20 months, and assuming that this decay is due
to the meridional mixing with a scale of 1800 km, this gives a
mixing rate 6.25x]08 cm/sec? over the 10 km altitude range
consistent with our QBO estimate.

Finally, QBO numerical models require some level of
isolation or turbulent transport of momentum will significantly
reduce the amplitude of the oscillation and increase the period.
Dunkerton [1991] tested several values of Kyy in his QBQ
model and found that Kyv values much greater than about 5x10
cm2/sec created prob]er'ns. Dunkerton’s value is significantly
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Figure 1 CLAES (v7) observations of NpO/CH4 averaged between 8°N and 8°S. Left panel shows time series
verses altitude with time average removed. Time averaged values are shown on the right panel. Units are
pphv/ppmv: Overlaid black lines are the Singapore zonal winds. The heavy black line is the zero wind line.
Dashed white lines show the one month and two month phase leads and lags from the zero wind line.
HALOE HZO Lat range = 10 to -10 Time Mean
45 Fign; ' | ,
~ 40}
£
x
e
£ 3 |
——
g -
Q.
T 30 g
‘g o’
a 25
=
-
20
1

ppm

Figure 2 HALOE (v18) water vapor time series verses altitude, averaged between 10°N and 10°S. Time average

water vapor is shown on the right panel.

Black contours show the HRDI observed zonal mean equatorial zonal

winds. Tick marks on the upper abscissa indicate the HALOE measurement times.

lower than the upper limit values discussed above but not
inconsistent with our upper limit values.

Conclusions

The phase relationship between the perturbation of long
lived tracer fields and the QBO winds will be affected by the
extratropical mixing of trace gases. Using UARS CLAES
N2O/CHy ratio, the mixing time estimate is found to be longer
than 18 months in the QBO region (20-30 km). The depletion
time of HALOE observed tropical stratospheric water vapor
anomalies ascending between 20-35 km has about the same time
scale (with perhaps more rapid depletion from 28-35 km).

Using the QBO scale of 1800 km, this suggests an eddy
diffusion coefficient of 6-7x108 cm2/sec or lower.

The implication of these results is that the mixing of trace
gases into the tropical QBO region (20-28 km) is quite slow and
that in the QBO region the tropical pipe model of Plumb [1996]
is a reasonable representation. As a result of this isolation,
exhaust products deposited into the tropics or entrained below
the QBO region would be isolated from mid latitudes as they are
lofted by the mean tropical upwelling.
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